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Summary

This report describes the essential part of investigations performed within the DSWA
contract DNA 001-94-C-0015 “Turbulent mixing in explosions”. The project has its base
in small-scale laboratory experiments and high-speed photographic techniques were
applied to give insight into a variety of flow phenomena. Three main aspects were ex-
plored, namely :

The dynamics of the turbulent products cloud from an explosion of a spherical HE-
charge. Small-scale Nitropenta charges in the weight range of approximately 0.5 g were
used to simulate the spherical freefield detonation of a HE charge. Three different
geometries were used: spherical charges in free air, hemispherical charges mounted on
a rigid plate and hemicylindrical charges in narrow chamber facilitating 2-D expansion
only.

The dynamics of unsteady jets. Main object of this study was the product jet that is
ejected from a small chamber after a small-scale charge is detonated inside the room.
Different geometrical configurations were investigated with respect to the question how
the jet which is prone to instabilities develops. in addition, the influence of shock waves
impinging on the jet was a part of the study, which was accompanied by shock tube
test.

Laboratory simulation of afterburning effects. Considered here is combustion of an ex-
plosion-driven turbulent jet of combustible gas in the expansion chamber of a two-
chamber system The process is initiated in a small pre-chamber, filled with a combustible
gas/air mixture, and provided with an explosive ignitor charge. The pre-chamber is con-
nected to the main enclosure by a sealed orifice. Upon ignition of the explosive charge
the seal is broken and a blast wave created that injects the fuel jet into the main enclo-
sure which combust with air. The effects of turbulent mixing are monitored by high-
speed photography and by the means of the pressure gain in the expansion chamber,
which can be compared to corresponding numerical simulations.
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Section 1
Introduction

The main objective of this research program was to study the fluid-dynamic aspects of
turbulent mixing in a limited number of common explosion geometries by means of
laboratory experiments. The focus on the mixing processes is motivated by their funda-
mental role in relevant topics connected to chemical explosions, such as turbulent com-
bustion and afterburning induced by explosions, especially by unbalanced or fuel-air
explosives, the formation and transport of hazardous plumes (collateral effects in explo-
sion events, distribution of biological or chemical material) and the turbulent combus-
tion in guns.

The statement of work included four tasks:

e Task 1
The study of explosion dynamics in the case of unconfined 3-D propagation with
spherical or hemispherical small-scale Nitropenta charges,

o Task2
an analogous study in the case of hemicylindrical charges where the propagation is
confined to the narrow space between two parallel plates, which was expected to be
a kind of a 2-D version of Task 1,

o Task3
the study of non-steady turbulent jets, which are one of the fundamental phenom-
ena in the studies mentioned above,

e Task 4 .
application experiments, which were to be determined during the contracting period
according to the needs of DSWA.

The work for all tasks focussed on the use of flow visualization to give insight into the
dynamics relevant to turbulent mixing and to provide a data base for the validation of
numerical models. Both the experimental and the numerical approach to unsteady tur-
bulence have inherent limitations. For hydrocode calculations it is doubtful to what ex-
tent exising turbulence models apply to the highly unsteady dynamics of explosion
fields. Thus it is difficult to rate the reliability of results when a combustion model is im-
plemented into these codes. Discrepancies to experimental results might be due to an
inadequate turbulence model, an inadequate combustion model, and/or an inadequate
coupling of both turbulent mixing and combustion. Therefore simulations alone cannot
reveal the fundamental mechanisms that control the exothermic process of combustion.
The experimental approach though facilitates the measurement of a rather narrow set
of flow variables only. Further limitations exist: the measurable flow variables do not
necessarily coincide with those in which turbulent dynamics is preferably discussed,
e.g., vorticity or kinetic turbulent energy. And the number of samples is limited in space
(e.g., single point measurements) and/or in time (e.g., due to limits to framing rates of
high-speed camera systems). An additional complexity is due to the random nature of




turbulence, which causes large statistical ensembles to be necessary to derive conclusive
information. This is a fallback especially for full-scale tests, since the expense in time and
money prohibits a sufficiently large number of test repetitions to give statistically mean-
ingful results. Whereas these can be gathered by means of long-time monitoring of the
flow in the case of steady or quasi-steady turbulence, test repetition (and accurate re-
producibility) is essential in the unsteady case. Multiple tests are more easily done on a
small-scale base as in our laboratory experiments, though the number of experiments
feasible here might still be small in terms of statistical confidence.

Thus neither the numerical simulation nor the experiment alone can give new insights
into the problem of turbulent mixing. A joint effort is necessary with a strong feedback
from both sides to find a common basis (i.e., comparable output from both the experi-
ment and the calculation) for comparison and to design experiments which allow to
validate numerical calculations. This process causes a need for revising experimental
strategies as well as the reformulation of numerical test runs, which is reflected in the
exploratory research program described here.




Section 2
Basic Measurement Techniques

Based on the line of thought described in the introduction the optimum experiment
would yield quantitative data at a high time-resolution simultaneously everywhere in the
interesting regions of the flow field. This optimum is nearly not feasible at the current
state of measurement techniques (in some sense it might be at a very high expense for
very setup-specific experimental equipment). Thus we decided that the second best is to
exploit flow visualization which at least presents the whole flow field with good spatial
resolution and in the case of a quasi-cinematographic study also yields some time-
resolved information on the development of flow features. Though less quantitative
than for example a pressure record, flow visualization can generate valuable material for
the comparison to numerical results.

2.1 Time-Resolved Shadow-Photography.

The basic setup of the Cranz-Schardin camera is shown in Figure 1. The camera attained
a cinematographic sequence of shadow photographs by the means of 24 sparks which
are triggered individually in a pre-determined time sequence. In correspondence to the
array of 6 x 4 the imaging part of the camera consists of an array of 6 x 4 lenses. The
divergent light from each spark is focussed onto the corresponding lens by the means of
a spherical mirror. Mirror size and the divergence of the light bundle restrict the maxi-
mum field of view to a diameter of approximately 22.5 cm. Since the mirror folds back
the light path we have an upper, divergent light path above a lower convergent light
path. Test objects are normally placed in the lower path but if they are large it can hap-
pen that they extend into the upper path, especially in the region where both paths
overlap. This can cause spurious effects on the shadow photographs,.the object creates
a shadow effect in the upper path which is depicted as if it was located in the lower
path. The same holds true when the test objects are open and shock waves enter the
region of the upper path.

Another effect that should be noted is that of the light path convergence. It is not rele-
vant for objects with a narrow depth. If the object depth gets large , the magnification
with which the rear side is projected onto the reference plane (and depicted on the
negative) is different from the magnification of its front side. For an object depth of 50
cm this difference is about 9 % and has to be taken into consideration.

This shadowgraphy setup was originally developed for phenomena without any self-
luminosity. Since the focus was put on very short exposure times — which cannot be
attained with mechanical shutter systems — the camera is operated in an open shutter
technique with the lab darkened during the experiment. The exposure time for the
background illumination is thus decided by the spark duration. If there is some self-
luminous region within the field of view it exposes the negative for some seconds in the
worst case or typically for those few milliseconds that the luminosity exists. This part of
the exposure reveals no time-resolved information. The contribution to exposure due to
self-luminescence is kept small, since the luminous field radiates into the complete




sphere and the lenses of camera receive light only from a small solid angle. The receipt
efficiency for the deliberate background is much larger, but nevertheless sometimes
overexposure due to the luminescence can occur.

2.2 Single-Shot Shadow-Photography.

The setup for single-shot shadow photographs uses two spherical mirrors in a z-type
arrangement (see Figure 2). The field of view has a diameter of approximately 60 cm
and the background illumination is by a parallel light bundle. Effects like the spurious
pictures of objects due to the backfolding of the light path are avoided. Since the mode
of operation is the same, the effects of self-luminous areas within the field of view are
essentially the same as in the Cranz-Schardin camera.

23 Pressure Measurements.

in addition to high-speed photography we always perform pressure measurements
when feasible. Our choice for pressure gages are piezo-electric ones from Kistler, type
603B connected to Kistler charge amplifiers type 5001. The amplifier output is fed into a
transient recorder system (up to now LeCroy type T.R. 8837 F) which operates a maxi-
mum of 16 channels simultaneously. The data are sampled at rates up to 20 MHz per
channel into on-board memory with 8k words per channel and is copied to disk after
the experiment. The signal rise-time is limited by the low-pass filter in the charge ampli-
fiers which has a cut-off frequency of 380 kHz. The maximum rise-time for the signals is
thus about 2 ps.

During the current study we have also applied piezo-resistive pressure transducer to
monitor quasi-steady pressures and thermocouples as well as thermo-resistors (e.g.
PT100) to measure the temperature of gases and model walls.

2.4 Charges.

In order to resume some facts about our spherical small-scale HE-charges: they essen-
tially consist of very fine grained Nitropenta powder (pentaerythritol tetranitrate
CHN,O,,, PETN). The powder is dissolved in acetone with a small volume percentage of
gun-cotton admixed so that it forms a highly viscous paste. Two electrodes connected
by a fine wire are fixed in a centered holder that is repeatedly dipped into the paste. By
the repetitive dipping and drying a droplet of the explosive is grown around the central
wire. When the droplet size is sufficient, an ideal spherical charge can be turned on a
lathe before the holder is removed. The finished charge has a diameter of 10 mm. From
previous tests the TNT equivalent value of these spherical charges was determined to be
approximately 1.2. The charges can be quite reliably ignited by applying a high voltage
discharge (in the order of 8 to 10 kV) to the electrodes which vaporizes the central igni-
tion wire thus driving the detonation of the Nitropenta charge.

For the current study new type of small-scale charges had to be developed: hemispheri-
cal charges and hemicylindrical charges. These were assembled on special holders from
Makrolon. The hemicylindrical charges with 10 mm length, for example, were manufac-
tured as outlined in the following paragraph (refer also to Figure 3).
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An axial hole is bored into a cylinder of Makrolon (r =5 mm, | = 20 mm). Then a hemi-
cylindrical part (r = 5 mm, | = 10 mm) is cut out in the middle of the cylinder and the
bore hole in this region is notched. An ignition wire is inserted through the bore hole
and connected to supply wires. The notch around the ignition wire is filled with about
10 mg pure, fine-grained Nitropenta powder. Then a hemicylindrical Nitropenta charge,
casted in a mould, is glued into the cut-out.

Both the hemispherical and the hemicylindrical charges are not as reliable as the corre-
sponding full-body charges, since the ignition wire is not embedded in Nitropenta. For
some samples the contact between the ignition wire and the surrounding Nitropenta
seemed insufficient and the wire explosion did not initiate the detonation of the charge,
only caused its fragmentation. This problem increased with decreasing radius and in-
creasing length of the hemicylindrical charges.

For part of the experiments we also used a commercially available charge with a weight
in the order of 40 mg. This charge which comes under the tradename HX2 is described
in Section 5 and Section 6.




Section 3
Simulation of a Spherical Detonation

3.1 Phenomenology of a Spherical Detonation.

At the set-off of the study the problem under consideration was the turbulent mixing in
the fireball, created by the detonation of a spherical high-explosives (HE) charge. The
fireball gases expand at a high velocity, which drives a strong blast wave in the sur-
rounding atmosphere. The detonation products of solid explosives charge are typically
quite dense compared to the shock-compressed air, hence the density ratio across the
interface is rather large. Such density interfaces are unstable against a variety of instabil-
ity mechanisms, which cause small initial perturbations to grow rapidly into a turbulent
mixing region. Figure 4 shows a typical schematic wave diagram for this type of detona-
tion. Salient features are the primary blast wave that separates after some time from the
detonation products which decelerate much faster. It is followed by a secondary shock.
This front originally propagates outwards, after some time though it reverses its propa-
gation direction towards the detonation center, thus initiating an implosion phase.
Having reached the center the secondary front is again reflected outwards, thus inter-
acting with the fireball interface and reshocking it. The secondary shock is presumably in
part again reflected at the interface, thus setting up another, but weaker cycle of the
same wave processes until their influence on the mixing decreases and an asymptotic
mixing phase is reached.

3.2 Laboratory simulation.

3.2.1 Flow Visualization.

The most direct way to simulate this type of detonation in laboratory scale is to ignite a
spherical small-scale charge in free air, fixed in position by its ignition wires only. In the
beginning of the study we refrained from this kind of test due to safety aspects, since
any hazard for lab personnel and equipment was to be excluded. The first experiments
thus were carried out in the blast wave tank of our lab, a steel chamber of 120 cm x
120 cm and 60 ¢cm in height. Optical access is gained by means of two optical windows
20 cm x 69 cm in size. This blast chamber was positioned in the optical path of the sin-
gle-shot shadow-photography setup, due to its large dimensions 24-spark cinematogra-
phy was impossible. During the initial phase our confidence grew that tests outside this
chamber were feasible, provided that a number of (less strict) safety precautions were
taken. The first concept was to assemble a steel holder with a hemispherical charge into
a 10-mm thick transparent Makrolon pane which could be put upright into the optical
path of the 24-spark camera. This setup narrowed the dimension of the detonation
product cloud by a factor of two with respect to the visualization direction. Since the
shadowgraph technique integrates over all density effects along the optical path-length
through the 3-dimensional cloud, such setup can help to get a better view into the in-
side of the fireball. Shielding the most vulnerable part of the optics, the mirror, by
means of a glass pane of sufficient quality finally made it also feasible to perform free-
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field test with spherical charges of up to 0.5 g in weight in the 24-spark camera setup .
Figures 5 to 14 show a few examples from the three different types of experiments

In Figure 5 we see the detonation of a hemispherical charge mounted on a Makrolon
pane. The charge weight for this test was W =10.45 g and the test was performed in the
blast tank. In the center of the picture the core region around the detonating charge is
overexposed. The hot detonation products are self-luminous and a certain amount of
the light is radiated into the aperture of the visualization optics. This light is time-
integrated over the whole experimental time frame. Thus no specific instance can be
attributed to this structure since we apply an open shutter technique. This effect can not
be totally suppressed, but is at least an order of magnitude less than in conventional
photography used in freefield tests where about the complete area shown in the shad-
owgraph would be opaque.

The other visible structures are due to the shadowgraph technique and caused by den-
sity variations afflicting the background illumination. This illumination is generated by
means of a 300-ns spark fired 0.2 ms after the detonation. The first blast front which is
has just reached the roof of the blast tank is quite prominent in the picture. It is essen-
tially spherical, but we can see a number of precursing jets which are probably due to
small grains of Nitropenta ejected from the charge. These jets are not necessarily propa-
gating in the plane of the picture; since the shadow effects are integrated through the
whole 3-D volume afflicted by the detonation they might as well have an out-of-plane
component of propagation directed towards the observer. The area behind this first
blast front is not free from disturbances, the jets can create their own turbulent wakes.
In addition, the optical quality of the Makrolon pane adds some noise to the photo-
graph. Nevertheless we find some cauliflower-like cloud within the sphere covered by
the blast front. This cloud is signified by stronger differences in the grey values and an
overall darker appearance. We tend to identify this cloud as a representation of the
detonation products cloud.

Half way between the first blast front and the center of detonation we find another
spherical structure, the secondary blast wave, here accompanied by a third pressure
wave.

Since the/most interesting part is the detonation products cloud we tried a few concepts
to enhance the contrast of its features. Figure 6 to 8 show a few examples for the test
shown in Figure 5. The first one, Figure 6, just converts the grey values of the original
pixels into a color scheme. Though both Figures are essentially identical, subjectively a
better contrast of the turbulent plumes can be gained. The second one, Figure 7, is
based on a more complex sequence of procedures. These include low pass fittering of
the original pictures (blurring), stretching of the grey value range in the picture, arithme-
tic addition of the processed picture to the original, a technique which can give addi-
tional contrast to the borderline of the products cloud, but obscures the smallest scales
of disturbances visible in the original. Figure 8 finally is again a pseudo-color version of
Figure 7. The major fallback of these post-processing techniques is that it is difficult to
apply them automatically, since each photograph of a test series has different charac-
teristics. Figure 8, the shadowgraph from another detonation experiment in pseudo-
color representation is comparable to Figure 6 in contrast, whereas one gains less con-
trast by this method in Figure 10.




Figure 9 shows again the instance 0.2 ms after the detonation, but the charge weight in
this case was 0.64 g. Thus the blast front has proceeded a bit further. At the same time
it has not separated as much from the products cloud as in Figure 6. The higher charge
weight is also reflected in the larger area of overexposure around the detonating
charge.

Figure 10 is again a test with a smaller charge weight of 0.47 g, but at a later time of
0.25 ms. Here the secondary blast front is not as pronounced as in Figure 9, it appears
to be more afflicted by the turbulent field in the products cloud.

The three examples already show the kind of scatter to be found in the comparison of
different tests. It is due to the random nature of initial perturbations which for example
arise from the unburned grains of Nitropenta ejected during the detonation. The main
advantage of these single-shot photographs it the comparatively large field of view
which allows to look at the whole products cloud and rate the non-uniformity of its
boundary.

Figures 11 and 12 originate from tests outside the blast tank. Again the test were per-
formed with hemispherical charges mounted on a Makrolon pane. For these tests the
experiments were set up in the optical path of the 24-spark camera. Thus the field of
view is more limited for the sake of time-resolved information of the blast propagation
and the growth of the products cloud. In addition, the reference plane for shadowgra-
phy was set to quite large distances from the plane of detonations, which gives more
sensitivity for the density effects. Thus blast fronts appear broader than in the previous
photographs, but we have a gain in the contrast with which the features of the prod-
ucts cloud are depicted. Again we find a number of precursing bow waves from small
particles and for short times it is quite obvious that part of them are directed out of the
plane of the photographs.

Figures 13 and 14 show tests with spherical Nitropenta charge in free air. The first blast
front in both cases is clearly visible as well as the secondary shock which appears at t =
0.341 ms in Figure 13 and at t= 0.220 ms in Figure 14. The products cloud is also de-
picted with good contrast. Care has to be taken with a third strong shock line that
shows up at t = 0.941 ms at the bottom of the picture in Figure 13. This is an artifact
due to the fact that the primary shock front has entered the upper part of the folded
light path of the 24-spark arrangement. The same effect leads to a spurious shock line
in Figure 14 first showing up at t = 0.901 ms. In Figure 14 this line appears to be much
thicker since different reference planes were chosen for the both tests.

3.2.2 Analysis.

The concept to analyze our experimental data was to derive data material for the com-
parison to the wave diagram shown qualitatively in Figure 4. This wave diagram is again
shown in Figure 15, but more quantitatively based on a 2-D AMR calculation[1]. The
diagram presents the radial location of a flow feature versus the time after detonation.
Both time and radius are scaled with the cube root of the charge weight.

From our photographs the location of the primary blast front at different time instances
is most easily derived. Figure 16 summarizes a number of results for both hemispherical




and spherical charges. The data scatter is comparatively small and the resulting curve is
in good agreement with a data set derived from the Airblast code [2].

The next salient feature is that of the secondary blast front. The experimental result are
shown in Figure 17. They are in agreement with the curve derived from the 2-D AMR
calculation, even a number of data points during the implosion phase could be found. A
fit function through. the experimental data points (see Figure 18) will replace the result
of the calculation in the following.

The crucial part of the comparison is the boundary of the products cloud. The numerical
results are given in form of the radius where a given average concentration of fuel can
be found. Figure 19 displays two such iso-contour lines. There is no experimental
equivalence that represent the fuel concentration since the photographs only display
density effects. In the previous section it was outlined which features — in our interpreta-
tion — define the product cloud. We can pick out features on our cinematographic pho-
tographs and derive scaled time-distance curves for these. An example is shown in Fig-
ure 19, which relates to Figures 13 and 14. The analyzed structures were the central
plume in test 15086 and the central plume and the one left to it in test 15087 and, in
addition the pocket in-between them. It appears that the plumes (i.e., the heads of the
cauliflower structures) are initially immediately behind the primary blast front. At a cer-
tain radius they start to separate and decelerate which is in general agreement with the
phenomenology seen in the 2-D AMR calculation. The location where this happens dif-.
fers quite a lot from plume to plume and no direct correspondence to the averaged val-
ues of the fuel concentration is obvious. The comparison of the central plume and the
pocket of test 15087 shows that there can be large variations in the local radius of the
product cloud, here ranging from 1.9 m/kg**to 3.2 m/kg™ in the final state.

Another plot of essentially the same kind is shown in Figure 20. Here the results of a
number of single-shot experiments are summarized. Green symbols denote the values
for the apparent minimum radius of the cloud found in the photographs, red symbols
those for the maximum extension of the cloud. Considerable scatter can be found for
these data points but they are not extending to such large values of the radius as in Fig-
ure 19. The reason for this can probably be seen in the two different optical setups.
Both setups differ with respect to the sensitivity and detectability. In the tests with the
24-spark setup we increased the sensitivity considerably, thus already smaller density
effects (or thinner layers of comparable density effects) can give contrast in the photo-
graphs.

in order to analyze a self-consistent data ensemble we thus evaluated the single-shot
experiments separately, since these photographs are obtained at a more or less constant
sensitivity. By means of a fit function we derived some kind of average value for the
boundary location of the products cloud. The fit function is shown in Figure 21 together
with the bandwidth (in grey) which contains essentially all the data points measured.
The value of this bandwidth is about % 0.5 m/kg"™.

In Figure 22 this average “cloud radius" — along with the bandwidth - is inserted into
the wave diagram. Here it shows some degree of correspondence to the contour line
¢ =0.1 of the fuel concentration in the numerical calculations. Though encouraging,
this correspondence should not be over-interpreted, since a smaller threshold of de-




tectability can shift the actual values for the "cloud radius” to the right, as indicated in
Figure 19.

Included into Figure 22 is an attempt to analyze colored contour plots from a 3-D AMR
calculation (an example is shown in Figure 23) analogous to our shadow photographs, i.
e., to find the minimum and maximum value of the cloud extent. Three points have to
be taken into account in rating the comparison. The plots again depicted the fuel con-
centration, not density changes. The concentration was depicted in a specific color
scheme. It is thus rather subjective which concentration level generates the largest color
contrast, i. e., which features are most salient to the eye. (This problem is quite similar
to that of different sensitivities in our photographs). In addition, the numerical results
present a real 2-D plane cut from the 3-D field. Thus it is possible to find deep pockets.
In contrast, in our photographs the whole 3-D field is projected onto a plane, which can
easily obscure the real depth of pockets. In effect, such a direct comparison of numerical
- to experimental results is only feasible and conclusive when it is based on artificial shad-
owgraphs which are generated from the numerical results and mimic the experimental
situation sufficiently well.

In summary, the experimental results are in good agreement to the numerical simulation
with respect to the blast front propagation and at least in qualitative agreement with
respect to the average growth of the products cloud. The variety of cloud formations is
rather widespread and even a data ensemble derived from more than 40 tests shows a
considerable scatter due to the turbulence and its sensitivity to the initial perturbations.
Thus only a larger statistical ensemble can yield improved accuracy. Complete analysis of
the photographic material then requires a computerized, at least semi-automatical de-
tection of the cloud boundary which might prove to be a demanding problem for even
highly specialized image processing systems. In addition, a numerical equivalent to the
photographic material is necessary for comparison.
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Section 4
2-D Detonation Simulated by Means of Hemicylindrical Charges

Parallel to those experiments with hemispherical and spherical charges outlined in Sec-
tion 3 we performed a study on the detonation of hemicylindrical charges confined in
the narrow gap between two parallel walls. The study was motivated by the expectation
that such a model could serve as a 2-D representation of the detonation dynamics seen
in the previous section.

4.1 Experimental Setup.

During the planning phase of the research program we already expected a certain am-
biguity of the photographs from 3-D experiments due to the large optical depth of the
turbulent clouds. The concept arose that the anticipated problems might be resolved
when the detonation field only propagates within one plane and is confined in the
depth. In order to yield a valid 2-D equivalent the hemispherical charges of the 3-D tests
"had to be replaced by hemicylindrical charges and the length of the cylinder had to cor-
respond to the width of the confinement. Thus a narrow test chamber was developed -
and more than once modified during the study — which is depicted in Figure 24. It es-
sentially consists of two 10-mm thick Makrolon panes to facilitate optical access. A
number of fixtures keep them paralle!l and adjust the gap between them to the length
of the cylindrical charge. Three sides of the model remain open, thus the blast wave can
escape the test chamber. This keeps the load on the windows smaller than for a com-
" pletely closed chamber. A steel rail forms the bottom of the model. The charge is in-
serted by means of a holder (constructive details shown in Figure 25) which guaranties
the correct position of the charge and maximum air-tightness around the ignition wire
and provides electrical and mechanical decoupling of the charge assembly from the rest
of the model. The bottom of the model was equipped with piezo-electric pressure
transducers, their connection plugs show up in the photograph of Figure 24 and give an
idea of their locations.

Three different versions of the test chamber were assembled, the main difference being
the depth of the air gap. Starting with1 cm we changed to 2 ¢m and finally 4 cm, and
for every setup hemicylindrical charges of the corresponding length were developed.
The variation was necessary to enlarge the parameter range of scaled distances that
could be covered by the setup.

4.2 Experimental Results.

4.2.1 Flow Visualization.

Figures 26, 27 and 28 show representative sequences of shadowgraphs from the tests
in the 1-cm wide, the 2-cm wide and the 4 cm-wide setup. The sequences show that
the tests did not exactly fulfil our expectations of easier interpretation. Though a strong
front appears which we can identify as the primary blast front it is accompanied by a set
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of further circular fronts in its immediate vicinity. A possible reason is that the model is
not completely non-responding to the detonation of the charge. It may cause waves
inside the Makrolon windows which also will be visualized and can easily be misinter-
preted as shock waves in the gas phase. The distinction between both is not a simple
task since the speed of sound in the Makrolon ( = 1450 mvs) is in the same order of
magnitude as the propagation speed of the blast fronts in the observed region. In addi-
tion, any tilt or stress in the windows can alter the visual appearance of the blast fronts
from dark to bright and this — in conjunction with the different parallaxes of each light
path — can occur from frame to from of a shadowgraph series. After the initial tests
with the setup we thus splitted the windows horizontally and tried to decouple the up-
per part within the field of view of the Cranz-Schardin camera from the bottom part by
means of a shock-insulating fixture. This insulation proved to be only partially helpful; it
could not reduce the waves in the Makrolon completely.

The identification of the products cloud posed a more difficult problem. In the 3-D ex-
periments we found some quite distinct difference in the appearance of the cloud and
the region between it and the primary shock. From test to test the shape of the cloud
showed large differences, but not the criteria by which to identify it. In the shadow-
graphs of the 2-D experiments the border of the products cloud was less obvious, the
primary blast front is — often, but not always —very soon followed by a narrow band
with fine-grained turbulent structures. Then a band with little granulation (see for ex-
ample Figure 28) can be found, again followed by a more turbulent area. in Figure 28
there is even another area marked out where there is a texture change in the turbulent
area. Whereas it appears to have no predominant directivity in the latter region, the tex-
ture in the first two turbulent bands is a sort of striation in mostly radial direction. The
reason for these bands is probably due to boundary layer effects which can play some
important role in the narrow 2-D setups. But these effects do not reproduce themselves
from test to test; in Figure 27 for example only a single homogeneous area of turbulent
structures can be found. It is thus not easy to differentiate between boundary layer ef-
fects and the actual turbulence in the products cloud. Furthermore, instabilities on the
border of the products cloud do not show the phenomenology we have encountered in
the 3-D experiments. All turbulent structures appear to be nearly spherical with rather
short-scale disturbances of small amplitude, whereas we can find deep pockets and
large extending plumes in the 3-D case. We thus have to suspect that the 2-D setup has
at least a strong influence on the preferred wavelengths in the turbulence or that even
boundary layer turbulence might be more dominant than other instability mechanisms.
Nevertheless we tried to analyze the data material obtained in the 2-D tests. Before the
results are shown a few remarks on scaling are necessary.

4.2.2 Some Considerations on Scaling.

The comparison between different experiments in the case of 3-D spherical explosions is
quite straightforward and attained by means of applying a scaling of length and time
with the cube root of the charge weight W. Essentially — though somewhat obscured —
this scaling is based on a similarity analysis . The rigid application would be to normalize
all lengths with a characteristic length, here the charge diameter, and the time with a
characteristic time, derived as the quotient of a characteristic velocity (e. g., the sound
speed in the ambient air) and the chosen characteristic length. This way one would end
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up with dimensionless quantities. But customarily the characteristic length is replaced by
the cube root of the charge weight, which is proportional to the charge radius and the
characteristic velocity, the sound speed, is left out of the scaling since the ambient at-
mosphere is assumed to be near to standard conditions.

This scaling cannot be applied to the 2-D detonations quite that straightforward, but it
can be easily modified to cope with them. Instead of a rigid analysis we will use the fol-
lowing plausibility argument.

In the case of a spherical explosions the detonation energy of the charge is contained in
a volume V, = 4/3 &t R previous to the ignition. After the ignition this volume rapidly
increases to V(t) = 4/3 = r,)°. In different experiments we have equivalent situations
when the instantaneous volumes are equivalent. The same holds true for the situation
of a hemispherical charge at zero height of burst, but the actual charge weight has to
be doubled to take into account the mirror source due to the completely reflecting sur-
face.

In the case of our 2-D setup the initial volume of the charge is V, = m R;® |, where | de-
notes the length of the hemicylinder and the width of the setup. Expansion is restricted
to two dimension, thus the volume increases with the square of the radius to values
V(1) = 7 1,,* |. An equivalent to the W'**-scaling in the 3-D case is thus a scale factor of
(W/)'™ for cylindrical charges, respectively (2W/1)"* for the hemicylindrical charges on the
completely reflective bottom of the setup. This scaling is applied to both time and
length since the sound velocity is not changed by the geometry of the setup. The di-
mension of the scaling factor in the 2-D case thus comes out as [kg/m]"* and differs
from that of the 3-D case which is [kg]™.

A comparison of the instantaneous volumes V, (t) and V,(t) shows how scaled data
from 3-D experiments can be transferred to the 2-D scale and vice versa. The situations
are equivalent when

V() = Vi(t) M
or |
A3 nr=mr,’ (2)
Inserting the scaled radii
2, =T, /W™ and z,, =1,/ (W/)" (3)
yields
2.= A" 2,7 (@
or
2,/ 2,5 = (314)" 2,,"" (5)
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the factor that maps 2-D results to the 3-D representation. Since the scales for lengths
and times are identical, the same factor has to be applied for the rescaling of the corre-
sponding time. Conversion from 3-D results to the 2-D representation yields a rescaling
factor of

2o/ 23 = (413)" 2, (6)

This compares a test with a spherical charge to one with a cylindrical charge confined
between two parallel planes. The same factors hold true for hemicylindrical charges with
semi-infinite expansion (or hemispherical charges), if the data are scaled with the dou-
bled actual charge weight @QW/)"* (or (2W)"® in case of the hemispheres) to take into
account the effect of the mirror source.

4.2.3 Data Analysis.

In correspondence to the 3-D experiments Figure 30 shows a wave diagram for the 2-D
experiments with hemicylindrical charges. Included are data points from all three setup
widths, obtained from the photo material as well as from the pressure records of the
gages at the bottom of the model. The data are scaled with the doubled actual charge
weight. The general phenomenology follows that seen in the 3-D tests though we were
not able to gather data of the secondary shock during the implosion phase. Consider-
able scatter for small values of r is found for the secondary shock. These data originate
from the pressure records at the bottom of the model and thus might be afflicted by a
turbulent boundary layer through which the secondary shock has to propagate. The
data for the products cloud are derived from test 14937, the only test where just one
turbulent border line can be found. For the other tests the identification was too am-
biguous as pointed out in Chapter 4.2.1. In order to compare these data to the data
from the 3-D tests Section 3 we applied the rescaling outlined in the previous chapter.
The result is shown in Figure 31. It appears that the primary blast front propagates more
slowly than expected. The data for the secondary shock and the limited data for the
products cloud are in qualitative, but not decisive agreement with our results from the
3-D experiments. The experimental evidence from the shadow photographs indicates
that the detonation couples into the walls of the model, i.e., that we do not have the
situation of non-responding walls. Thus one can assume that there is some amount of
energy not transferred to the gaseous phase. In consequence a smaller factor than 2
might be appropriate for taking into account the effect of the mirror source.

4.2.4 Critical Assessment.

The 2-D experiments posed more problems than expected, both technically and phe-
nomenologically. The percentage of hemicylindrical charges that could be successfully
ignited was much poorer than what we are used to from spherical charges. The results
indicate strong, partly not reproducible boundary layer effects in the narrow setup and a
lack of control over the energy released into the gaseous phase. And last, but most rele-
vant, the instabilities on the border of the products cloud seem to develop at a different
wavelength spectrum and might even be dominated by different mechanisms compared
to the phenomena in a corresponding 3-D situation. Since the 2-D experiments were
quite time-consuming and did not promise immediate answer to the questions arisen
we thus decided to continue with a different set of experiments outlined in the follow-
ing section.
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Section 5
Unsteady Jets Created by a Detonation Inside a Chamber

In this set of experiments the focus was not put on the simulation of a spherical detona-
tion in the free-field, but on the turbulent product cloud that is ejected from a chamber
where a detonation occurs. Nevertheless there is some close relationship to the experi-
ments outlined in Section 4 and in addition to a experiments done in a further DSWA
project [3] concerned with the fluid-dynamics of detonations in multi-chamber systems.

5.1 Experimental Setup

The new setup basically consist of a closed detonation chamber that is connected to the
ambient air by means of a narrow outlet slot. The inner dimension of the metal chamber
were 117 x 130 x 40 mm3 and two outlet widths were realized, 10 mm and 20 mm. A
sketch of this chamber is shown in Figure 32. In a modified version Makrolon plates of
approximately 400 x 500 mm?2 are attached to the front and back wall of the chamber,
thus confining the propagation of the blast wave and the expansion of the products
cloud in spanwise direction to the 40-mm depth of the model. A sketch is shown in Fig-
ure 33.

In the center of the detonation chamber a small charge was installed. In this case we
used an ignitor system that is commercially available under the tradename HX2. It is a
non-spherical charge of a multi-layer structure: in its core a thin ignition wire is attached
to a basic, inert body of 10 mm height and 2 mm width. Around it there is a first explo-
sive layer containing silveracide and other substances like cellulosis. This is covered again
by a layer of Nitropenta and cellulosis. Finally a thin layer of lacquer is applied to the
complete charge. The total charge weight is not too well defined but an equivalent of
40 mg Nitropenta or 50 mg TNT is about the right order of magnitude. Since the charge
is non-spherical Figures 34 to 36 characterize the form of the blast fronts and the prod-
ucts cloud. Figure 34 shows that the first blast front is soon not too far from being
spherical and even the disturbances on the secondary blast are acceptable. Besides we
see a the wakes of a lot of small particles precursing the primary blast front which are
due to the lacquer layer. A stronger influence of the charge geometry can be seen in
Figure 35 and 36 that show the non-uniformity of the products cloud at later times after
the ignition.

5.2 Flow Visualization.

We have performed 12 visualization experiments with the four possible setups of the
detonation chamber which will be denoted as follows:

: outlet 20 mm wide |outlet 10 mm wide
with Makrolon windows A B
free field propagation C D
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The main features that show up in the shadowgraph series are comparable for all test.

Figure 37 presents the complete cinematographic sequence of 24 frames (setup: con-
figuration A), covering the time range fromt=0.15mstot=2.45ms after the ignition
in steps of 0.1 ms. It has to be noted that the upper edges of the Makrolon windows
appear a second time in the lower part of the field of view due to the fact that they are
located in the area of overlap between incoming and reflected light path. In frame 1 the
primary shock front has just left the outlet. At the outlet’s edges the afterflow rolls up
into two vortices. In frame 2 the vortices are somewhat obscured by the ghost picture of
the Makrolon window’s borders, but seem to have already separated from the outlet’
edges. This becomes more obvious in frame 3. Besides, we see the formation of a sec-
ond pair of vortices. The primary shock front is about to reach the ends of the model
and has obtained a nearly semi-circular shape. In the meantime also a second shock
front (one of the multifold reflections within the detonation chamber) has left the out-
let. In frame 4 both shocks have propagated outwards, the primary one is diffracted at
the corners of the model causing the emanation of rarefaction waves. The two vortices
in both the left and right vortex pair show a distinct interaction: the vortex formed later
in time overtakes the first one. The outflow from the detonation chamber gets con-
tracted between the vortex pairs and its front area begins to form a flat mushroom-like
cap whose ends are rolled up in the outer vortices of the vortex pairs. A 100 pis later, in
frame 5 the vortex interaction has continued: the vortices of each pair rotate around
each other, deforming the border lines of the jet-like outflow. Besides we find the first
mark of a third shock wave having left the outlet of the detonation chamber, which
becomes more prominent in frame 6. The vortices in the original vortex pairs have in the
meantime begun to smear out, becoming less distinct as individual structures. This con-
tinues in frame 7, where also a fourth shock appears. In the following frames the out-
flow develops to a turbulent jet ending in a mushroom-shaped region with an inner
core of seemingly unstructured turbulence and an outer region with small but to some
amount regularly spaced turbulent cells. The outer region grows with time and looses
some of its regularity.

Concerning the shock wave pattern we find that from frame 9 on fronts with a large
radius of curvature show up in the shadowgraphs. This again are ghost pictures: the
first shock fronts have propagated into the region of the incoming light beam.

Figure 38 shows a comparison of two tests with the same setup at an intermediate
time. The salient features are the same, but we find variations in the shape of the mush-
room-like structure and the disturbances on its outer surface layer.

Figure 40 shows a test for the configuration B with a 10 mm outlet and Makrolon win-
dows. The outflow is thus more concentrated. At an intermediate time (test a) we find
mainly the same structure as for the tests with the 20-mm outlet (see Figure 39), but the
mushroom is smaller and its structure less distinct in contrast. For the late times the ap-
pearance is quite comparable, the plume above the 10 mm outlet being more longish
and narrower than the one above the 20 mm outlet.

Figure 41 and 42 show shadowgraphs from test without the Makrolon windows (with
3D-propagation into the ambient air), Figure 41 for a 20 mm outlet, Figure 42 fora 10
mm one. Here the outflow appears again as jet-like stems under a broadened turbulent
cap. But the disturbances on the surface seem to be less orderly than in the case of the
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2D-confinement. For the outlet width of 10 mm the final state is an oblong plume that
lacks some of the features we find for the 20-mm wide outlet. Here the cap of the
plumes show a small number of protrusions with a comparatively large characteristic
length, giving it a cauliflower-like appearance.

In summary, the tests give further indication, that the large wavelengths of the turbu-
lent spectrum which cause the typical shape of the products cloud in the case of free
expansion are suppressed when the expansion is restricted in one dimension to a nar-
row gap between two plates.

5.2.1 Interaction of the Products Jet with an Impinging Blast Front.

5.2.1.1 Modifications of the Setup. A further point of interest was the question
whether a shock that impinges onto the turbulent products cloud will amplify the dis-
turbances on its borderline. Some modifications of the configuration were necessary,
they are shown in Figure 43. The new setup is essentially a modification of configuration
A from the previous test series; i.e. the detonation chamber has an outlet width of
20 mm and the complete setup is closed on the front and back by Makrolon windows.
In contrast to the previous tests the blast no longer expands beyond the borders of the
setup; the model is now closed by a hemicylindrical reflector with a diameter of
225 mm. Six pressure gages were installed, two at the bottom of the expansion cham-
ber, four along the circumference.

In addition the chamber in which the HX2 ignitor is brought to detonation was fitted
out with a foam lining on the four 40 mm wide walls. This helps to damp the muitiple
reflections within the chamber and to get rid of most of a number of spurious waves
leaving the chamber through the 20 mm wide outlet. Our preliminary tests showed that
only two shocks of significant strength follow the primary one.

5.2.1.2 Experimental Results. Figure 44 shows an excerpt from the pressure-time
histories at the four gages along the reflector. All four records are quite comparable,
those at symmetrically positioned gages nearly identical. Both the first and the second
shock arrive earlier under 67.5° than under 22.5°, since the fronts are not perfectly
hemicylindrical, but the deviation in shape is nearly neglectable.

Figure 45 shows a frame from a 24-spark series of shadow-photographs. This photo-
graph at t=1.07 ms captured a situation where the three dominant shocks have already
all been reflected at the hemicylindrical wall of the expansion chamber and propagate in
reversed direction onto the outlet of the explosion chamber. The third shock front that
is largest in diameter is comparatively near to the reflector. It thus allows to rate the
slight mismatch between the curvatures of the reflector and the shock front. The pri-
mary shock (the one with the smallest diameter) is about to impinge on the turbulent
outflow plume.
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Figures 46 and 47 show the next frames of this shadowgraph series 80 ps and 160 s
later. The primary shock has hit the turbulent plume which seems to contract a bit. The
overall appearance of the turbulent structures in the border of the plume does not
change significantly from Figure 45 to Figure 47. The effect of the interaction between
the shock and disturbances on the border of the outflow plume is not as pronounced as
we expected it to be. This result is consistent with findings made in accompanying shock
tube experiments.

5.2.1.3 Shock Tube Tests. In normal shock tube experiments we find rather stable
laminar flow behind the shock front. Thus the turn-over to turbulence has to be trig-
gered off by comparatively large disturbances. In order to generate a flow field with a
considerable amount of turbulence we introduced a set of obstacles into the flow. After
a number of tests with different geometries we came up with the configuration shown
in Figure 48. Behind the front row of rhombic pins large vortices are formed. These vor-
tices are chopped up by a row of thin round pins and a wire mesh woven into it. This
“turbulence generator” is located 100 mm upstream the 200 mm long test section.

The downstream end of the test section is closed by a rigid wall which can be equipped
with three pressure gages. This wall reflects the shock wave running ahead of the tur-
bulent flow.

The shock Mach number (and the percentage of flow blockage through the generator
grid) determines the velocity of the flow and the strength and speed of the reflected
wave. The location where the reflected shock impinges on the generated turbulence
should be fixed to a point within the field of view. Thus the position of the reflector has
1o be optimized for a certain parameter set.

Figures 49 - 56 show some frames from a series of shadow photographs for a test with
this configuration. The reflector is located immediately at the end of the test section.
The incident shock has a Mach number M, of 2.3.

Figure 49 shows the situation some 10 ps before the reflected shock — moving from
right to left — impinges on the front of the turbulent flow moving from the right to the
left. Though the turbulent flow is characterized by a fine scale granulation its leading
edge is marked out by a band-like structure (approximately 4 to 5 cm wide) with higher
contrast. The front of this turbulent region is inclined and shows some large scale dis-
turbance: one can see four indentations with an almost regular spacing between 16 to
20 mm and a depth around 6 to 10 mm. )

In Figure 51, taken 67 ps later, the reflected shock has hit upon the turbulent front and
nearly propagated through the band at the leading edge which is thus compressed. The
undulation of the front is squeezed flat; though the large scale disturbances are still rec-
ognizable in parts, the depth of the indentations has become smaller than 4 mm. The
front becomes even smoother another 67 ps later in Figure 52. In addition one can see
that the previously smooth and narrow front of the reflected shock is disintegrating into
a few frayed lines: the inhomogenity of the turbulent flow field generates locally differ-
ences in the properties of the shock propagation.

It takes some time until large disturbances on the leading edge of the turbulent flow
become prominent again. Figure 52 shows the situation approximately 300 ps after the
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reflected shock has hit the turbulent front, Figure 54 the situation after 600 ps and Fig-
ure 55 after 800 ps. In Figure 53 the indentations are still smaller than at the beginning
(Figure 49), but it already seems as if a larger wavelength is dominating them. This can
be most clearly seen in Figure 55, where we find two major indentations with a depth
of 10 mm and 16 mm and a spacing around 33 mm.

To summarize the experiment: it shows that a shock wave impinging on a turbulent
flow does not necessarily trigger off a faster growth of large scale disturbances on the
boundary of the turbulent area, but can change its spatial characteristics. This is at least
the case for the experimental situation where the shock creates a counterflow in the
opposite direction to the turbulent flow. A shock impinging from behind, i.e., one that
causes an additional flow component to the original mean propagation of the turbulent
flow poses a different problem, the resuit should not be transferred to this situation.
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Section 6
Simulation of Afterburning in Turbulent Jets

The study of the turbulent products jet in the closed expansion chamber led to a further
set of experiments which can be termed as experiments on the combustion of turbulent
fuel jets . These experiments were initiated by the guestion what destructive potential
the detonation of an unbalanced explosive provides by the way of afterburning which
distributes an additional energy release in space and time.

The typical experiments in our laboratory are small-scale simulations at scales that range
from approximately 1:50 to 1:200. Safety considerations and regulations restrict us es-
sentially to one type of explosive; custom-made Nitropenta charges of a weight be-
tween 0.1 and 1.0 g. It is rather difficult to modify these charges in a way that causes
their detonation to produce a reliable amount of fuel that facilitates experiments on
afterburning. Thus we decided to follow a different concept which is to detonate a
charge in an atmosphere that supplies the fuel by the way of an inflammable gaseous
mixture.

6.1 Experimental Setup

6.1.1 Two-Chamber System.

The setup for the experiments, which is essentially the two-chamber system seen in Fig-
ure 43 with some modifications, is shown in schematically in Figure 57, Figure 58 de-
picts a photograph of the final version of the setup. The volume of the detonation
chamber was decreased by the means of steel inserts to 32 cm? or 72 cm?2. It contains
the charge and is filled with the inflammable gas mixed to air. A rectangular outlet con-
nects this chamber to the larger hemicylindrical expansion chamber. Before the detona-
tion is initiated, a thin foil diaphragm closes the outlet. The blast wave of the detonation
can rupture it and releases a jet-like flow of fuel (the inflammable gas mixture) from the
detonation chamber into the air atmosphere of the expansion chamber. The mixing of
fuel and oxidizer necessary for a reaction to occur is mainly caused by the turbulence of
the jet flow. This is in contrast to the combustion of premixed systems, but essentially
what we expect for afterburning in explosions.

The diameter of the expansion chamber is 225 mm and its depth 40 mm. To facilitate
optical investigations front and rear of the model are closed by 10 mm windows of
Makrolon, a transparent polycarbonate. The inner dimensions of the detonation cham-
ber and the geometry of the outlet opening can be changed by inserts. Table 2 summa-
rizes the dimensions of different versions used in the experiments up to now.

6.1.2 Diagnostics.

The side walls of the expansion chamber were equipped with a number of piezo-electric
pressure gages (Kistler 603b) and one piezo-resistive pressure gage. Additional diagnos-
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tics were a photo diode monitoring the luminescence caused by the hot reaction prod-
ucts in the expansion chamber and cinematographic shadow photography visualizing
the flow field in the expansion chamber.

6.1.3 Charge.

In most of the experiments the reaction was initiated by the detonation a HX2-ignitor
located in the center of the detonation chamber. The HX2-ignitor was already described
in the previous section. The essential part of the explosive is PETN; according to the
manufacturer the total amount of explosive may vary between 27 and 42 mg. From our
experience with this detonator a smaller variation seems realistic and we consider a TNT-
equivalent of about 50 mg appropriate.

6.1.4 Fuel Simulants.

Up to now two different gases were used to serve as fuel: acetylene and for a number
of exploratory experiments methane. Table 3 and Table 4 summarize the characteristics
of these gases. The amount of fuel added to the air in the detonation chamber was
varied: in some of the tests with a 72 cm? detonation chamber additional oxygen was
mixed to the atmosphere. The partial pressures of the components specific to the indi-
vidual tests are listed in Tables 5 to 7.

6.2 Flow Visualization.

Figure 59 shows one shadowgraph from a cinematographic sequence for a reference
test with the 32 cm? detonation chamber, test 006. In this reference case the detona-
tion chamber is filled with air only, thus the jet expelled through the outlet is inert. In
this respect the test is essentially identical to the tests described in Section 5.2.1, but the
smaller volume of the detonation chamber changes the outflow rate and the form of
the turbulent products jet. Directly above the cloud we find some spots in deep black,
which are parts of the disrupted diaphragm. Figures 60 and 61 shows shadowgraphs
from a test where the detonation chamber was filled with a mixture of 500 mbar
acetylene and 500 mbar air. Most salient is the core region which is very bright due to
overexposure. Since the jet is reactive and combusts with the ambient air it gains higher
temperatures which cause it to be luminous. The light fiux from the luminous areas is
time-integrated on the shadowgraphs since we apply an open shutter technique. Thus
the overexposed areas give no time-resolved information on development of the fumi-
nous cloud. Though the optical setup diminishes the effect of the self-luminosity it can
not be completely suppressed since mechanical shuttering is not feasible for the short
exposure times needed for the shadowgraphs. In consequence the products cloud is
depicted with very little contrast in the early stages as in Figure 60. In Figure 61 the
same overexposed area is visible, but the visibility of the products cloud is better be-
cause its extent is larger than the overexposed area. An interesting aspect is the width
of the products cloud near the floor of the expansion chamber. Whereas in the inert
cloud forms a kind of balloon attached to the outlet opening, the reactive cloud has a
comparatively wide stem between the floor and the balloon shape. The reactive cloud
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seems to entrain more air from the bottom layer of the expansion chamber than the
inert jet.

Since we could not get time-resolved pictures of the luminous area in the products
cloud we installed a photodiode which monitored the light flux from the window of the
expansion chamber. Figure 62 shows a comparison of typical signals for a test without
any reaction and a test with combustion. The photodiode signal in the reactive case is a
factor 10 larger in magnitude. The signal rises immediately after the ignition of the HX2
and decays quite slowly after having attained a maximum at approximately 2 ms.

The inflammable jet was no brought to reaction in every test. Especially to high partial
pressures of acetylene in the prechamber seemed to suppress the initiation of the com-
bustion. But there were also tests were the experimental evidence indicated some retar-
dation for the start of combustion. Figure 63 shows an example. It is the photodiode
output for test 016 with 800 mbar acetylene admixed to 200 mbar air. Directly after
ignition the luminosity rises to a first maximum and starts to decay. After about 1.8 ms
the combustion appears to be re-initiated and a maximum comparable to that of Figure
62 is attained at t = 3.5 ms.

This effect of retarded reaction is also reflected in the pressure-time histories. Pressure
gages are our preferred diagnostic tool for the analysis of this set of experiments which
will be outlined in the following.

6.3 Initial Data Analysis.

The results presented here are obtained from the pressure recordings of gage 2. This
gage monitors the side-on pressures of the blast wave and the multiple reverberations in
the expansion chamber whereas the other gages are exposed to head-on reflections. For
all tests where a reaction occurred and a pressure-rise effect was noticeable the pressure
records at this gage are compared to a reference test (HX2-detonation only, detonation
chamber and jet contain no fuel). The records have a length of approximately 16 ms.
After about 10 ms a more or less stable plateau value is obtained. Thus we did an aver-
age of the overpressure values in the interval from 10 to 16 ms, which we term p_,. in
case a reaction occurred this value is larger than the corresponding one for the refer-
ence test, the difference being termed p,,... A theoretical value for this excess pressure
can be derived from the amount of fuel and its heat of combustion, assuming that the
combustion of the fuel and the air in the expansion chamber is complete, stochiometri-
cal and adiabatic.

For a further analysis of the pressure records it is advisable to separate the slower pres-
sure increase that we can account to the combustion of the fuel from the pressure
spikes due to shock wave reverberation (period approximately 0.5 ms). Thus we applied
a moving average: :

—_— ] pt+1/2
== 7
pO=_[ " p(t)dt @)

with an averaging window of 1 ms. This average pressure should be due to the increase
of the internal energy due to the explosion and the fuel combustion:
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E(t)
V2

E(t) = E(t)c;)mbustion + Eexp]osion = u(t)cho + Eexplosion ©)

p(t)=(y-1 (®)

where V, denotes the volume of the expansion chamber, m¢ the total mass of fuel, (t)
the mass fraction of fuel already burned at instant r and @y the heat of combustion of
the fuel. Thus taking the difference of the average pressure records for a test with com-
bustion to the reference test without fuel can be used to evaluate the time history of
the mass fraction burned:

ll(t) — P(t)combustion - p(t)inen : where : T, = (.Y _ 1) mCQO (10)

Tc v,
denotes the theoretical value for the maximum excess pressure.

During the combustion time which ends approximately after 4 ms the history of the
mass fraction burned can be approximated by a logarithmic function of time:

u(t)=alog,,(t/ty) , (1

which allows to evaluate a corresponding burning rate:

In(10)t

(12)

~fi(t)=

The experimental values for the end pressure p..q, the fit curve and the burning rate are
given in Tables 5 to 7 along with the theoretical value for the excess pressure Tic. The
actual pressure-time histories and the corresponding scaled sliding averages are shown
in Figures 64 to 96.

The scaling of the pressure difference curves is still preliminary. When applied to the
experimental data it states that the combustion ends while leaving about 30 to 50 % of
the fuel uncombusted (see also Figure 97). This might be a misinterpretation due to a
wrong assumption about the heat of combustion. Taking into account that the fuel
might already be decomposed by the explosion in the detonation chamber one gets a
smaller value for the energy release via combustion, i.e., a smaller scaling factor. This
would mean that a larger amount of the fuel is burned at the end of the combustion
regime. A thermodynamical analysis of the system is done by A. K. Oppenheim [4].

In addition Allen Kuhl, Lawrence Livermore National Laboratory, performs direct numeri-
cal simulations of the EMI experiments by means of the AMR code. A preliminary exam-
ple is shown in Figure 99. The sliding time-averages of the pressure-time histories form
the main data body for a comparison between simulation and experiment which apears
rather promising [5-7].
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6.4 Revised Strategy of Data Evaluation for the Combustion Experiments.

The last chapter compiled the data of all combustion experiments carried out up to
now. The salient result of the initial evaluation was that in the majority of experiments
we find a combustion regime where the pressurization essentially follows a log-t be-
havior. Based on this fact we revised the evaluation procedure in order to obtain a sim-
pler and more uniform representation of the complete data set. '

The major disadvantage of the sliding-average method is that the averaging length of
1 ms does not completely smooth out the oscillations due to shock wave reverberations.
This introduces a certain arbitrariness into the further evaluation steps. But a larger av-
eraging length is not advisable since as soon as it is of the same order of magnitude as
the combustion period it will artificially reduce the slope of the pressure-rise curves.

Nevertheless the data indicated some intermediate time range (1ms < t < 4 ms), where
the pressure rise can be approximated by a simple logarithmic fit:

Ap(t) =alog,,(t/t,) | (13)

This is only a zero order approximatibn that necessarily does not describe the start-off
and decay phase of combustion properly.

Thus the main objective of refining the evaluation method is to expand the validity
range of the fit function. For the time being this is accomplished by expanding the fit
function to a power series in terms of log(t). In addition, we tried to overcome the fall-
backs of the sliding average method as outlined in the following.

6.4.1 Characterization of the Reference Test 06.

Figure 100 shows the original pressure-time history of the explosion-only case, test 06,
and the corresponding sliding time-average. The averaged history still shows a rippled
structure due to the "acoustic” noise. Thus a fair enough approximation of this time-
average would be a step-function rising at the time-of-arrival ToA from zero to a value
of 0.148 bar. Under this condition it virtually makes no difference whether one time-
averages the pressure records in case of combustion and subtracts this reference value
afterwards or performs it the other way round.

Closer inspection of the combustion experiments shows that their pressure signature is
well correlated to that of the reference test for the first two pressure peaks (t < 1 ms),
then the peak structure gets decorrelated. Taking the difference of the original pressure
histories rather than that of the averaged ones in this time regime thus reveals more
accurate information on the initial phase of pressurization. In consequence we decided
upon the following strategy:

e  We idealize the reference test 06 by the signal shown in Figure 101

e  and subtract this sighal from the original pressure histories of the combustion
tests.
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e By means of a least mean square fit the resulting pressure difference history
is then expanded into a power series:

Ap<t>—-}6:An- (log,(t))’ (14)

n=0

Figure 102 shows the actual pressure difference curve and the resulting fit for test 11
with a logarithmic, Figure 103 with a linear time axis. For comparison the previous result
from the sliding average technique is also incorporated. The fit function and the sliding
average compare quite well, but the fit has the merit of being smoother and allowing to
establish a well defined maximum value of the pressure gain.

Concerning the start of the combustion process: the initial pressure differences for t < 1
ms are rather small, their order of magnitude compares to the limits of test reproduci-
bility. Thus the original and the fit curves can tell only little about this initial phase.

6.4.2 Further Proceeding

In our initial analysis we pointed out that the pressure gain curves should be normalized
by '

mcQy (15),

Te=(Y-1)
v,

to relate it to the mass fraction burned. Since we have to take into account that the
detonation decomposes the fuel and dissociate the oxygen and nitrogen in the pre-
chamber, the initial choice of values for the heat of combustion Q, was too simplistic.
The thermodynamic analysis of all our experimental cases is not yet accomplished. Thus
we decided for the meantime to inspect the resulting fit functions of the experiments
for the maximum value Ap_,, and to use this value to normalize the pressure difference
curves:

_Ap(t) , (16)
Ap

Tt(t)

max
Figure 104 summarizes the result for the acetylene experiments in the 32 cm3 chamber.

If we assume

e  that no work is performed, which is justified since the volume of the com-
bustion chamber is constant

e and that the heat transfer is zero (for small t it should be negligible though
we find a pressure loss for large times)

e and that the combustion process consumes all fuel,
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i.e., that Ap,,, reflects the complete energy release obtainable from the combustion of
the fuel, then = (t) is approximately equivalent to p (t), the mass fraction burned.

From the smooth fit functions the time derivative of & (t) can easily be obtained. With
the above assumption it reflects the burning rate of the combustion process. Figure 105
again summarizes the experimental results. included are the functions f(t) = 0.3/t and
f(t) = 0.4/, which reflect the typical results of the initial evaluation (keeping in mind that
scaling has changed by a factor from 1.5 to 2).

6.4.3 Comparison to Vibe-Functions.

Normally in combustion theory the preferred way to describe the time development of
the mass fraction burned is by means of a Vibe-function:

e-—cz(l—e)ﬁ —e®

f(e) = _“_“‘——1 e , where 0= t/TO a7
Figure 106 shows two comparisons between the logarithmic power series fit and
matched Vibe-functions (the match being made manually, not by a non-linear fitting
algorithm), Figure 107 shows the corresponding time derivatives.

6.44 Summary for Complete Test Matrix.

Figure 108 is identical to Figure 104, but now also the tests with acetylene in the 72
cm? are incorporated. In continuation the tests with methane are added in Figure 109.

The data for the additional tests were analyzed following essentially the same concept
as outlined above. In order to present all data in one diagram we then evaluated in ad-
dition to Ap,,, the values of t, the time where the fit function attains the value zero
(which in some way defines the start-off of the exothermic process, that in some ex-
periments was significantly retarded) and t,, the time where the maximum value of Ap(t)
is attained. Figure 110 demonstrates these definitions at the example of test 11.

Figure 111 shows a diagram of all experimental results obtained so far. The pressure
gain is again normalized with Ap,, the time-axis is shifted to compensate the different
start-off delays t, and scaled with the "combustion period" t.-t, . Most of the experi-
ments are given as grey lines, only a few are marked out in color and labeled in the leg-
end. To complete the information Figure 112 gives three bar-plots for the parameters t,,
t,and A, .. The bars are labeled with the test number, the initial partial pressure of the
fuel being appended to this label. In addition, the color of the bar indicates the test se-
ries: dark blue denotes the tests with the 32 cm3 pre-chamber and acetylene, light blue
the test with the 72 c¢cm3 pre-chamber and acetylene and green the tests with the 72
c¢m? chamber and methane.
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Section 7
Development of a Small Bomb-Calorimeter

The charge we use to initiate the combustion experiments is — as stated earlier in this
report - the commercially available HX2-ignitor. The information from the manufacturer
does not to clearly define the energy release of this charge, a relevant parameter for
both the thermodynamic analysis of our experiments and the comparison to numerical
simulations. Thus we thought it useful to have an experimental possibility to character-
ize this energy release. In addition, the gain in excess pressure is lower than expected
from theoretical analysis. A possible reason can be incomplete combustion. But fur-
thermore, close inspection of the measured pressure-time histories reveals a slow over-
pressure decay in the combustion chamber ‘after the maximum average pressure has
been attained. Thus another effect to be taken into account might be heat transfer to
the walls. In previous studies it was justified to neglect heat-transfer effects since the
time-scales of the experiments were of the same order of magnitude as the arrival time
of the first shock. In the more recent studies the focus has shifted away from the first
few shocks to the development of the system at larger times. Here an increased influ-
ence of heat transfer has to be anticipated. So it is also worthwhile to investigate its
influence on our experiments. The same holds true for the general characterization of
our custom-made small-scale charges and the experiments in the project "Fluid-
Dynamics of Explosions in Multi-Chamber Systems" where the monitored time periods
also have significantly increased.

Based on these demands we have designed and manufactured a small cylindrical bomb
calorimeter to facilitate simultaneous measurement of the overpressure and air and wall
temperature for detonations of small charges and gaseous mixture.

7.1 Design and Diagnostics.

Figure 113 shows a schematic diagram of this calorimeter. The form is essentially cylin-
drical, but the inner edges between the both faces and the jacket are rounded off to
avoid extreme overpressure in this edges due to the superposition of shock reflections.
The inner volume of the calorimeter is 603 ¢cm3, the inner surface approximately 400
cm?2. The plug at the left in Figure 113 holds two metal pins which can be connected to
the high voltage supply, the charge wires can simply be soldered to these pins. Since the
plug is screwed into the base of the calorimeter, an easy preparation of the tests is facili-
tated. All diagnostics are mounted into the cover assembly the opposite face consists of.
Four bolts hold the base and the cover assembly together. The whole setup is designed
to withstand a maximum static overpressure of approximately.100 bar.

The calorimeter has a mass of 4780 g; most of the material being steel (tradename
Monix 20, 30CrNiMo8 steel) with the exception of the four bolts and the inner part of
the plug.
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The installed diagnostics are

e a piezo-resistive pressure transducer, gage 1 (Kistler 4075 A 100), to measure the
long-term history of the chamber pressure,

e 3 piezo-electric transducer, gage 2 (Kistler 603 B), to measure the initial pressure
history with high time-resolution,

e a thermocouple — its tip penetrating 4mm into the chamber — to measure the gas
temperature, and

e two thermo-elements (PT100) to measure the temperature-time history at the out-
side of the calorimeter wall from the start up to the time of equilibrium. These
thermo-elements were mounted opposite to each other at the middle of the calo-
rimeter jacket

For the first exploratory experiments the calorimeter was placed on two wooden sup-
ports without any further insulation against the ambient air. Later on the calorimeter
was placed in a Styrofoam housing.

The essential parameter of the bomb calorimeter is its heat capacity. A first estimate can
be derived from the mass of the calorimeter and some value of the specific heat ¢, of
steel obtained from literature. The actual values differ for different sorts of steel, but a
value of ¢, = 0.477 Jg"K" is stated to be typlcal This value yields a total heat capacity T
of 2280 JK or 545 cal K. This value is in agreement with a calibration series done by
means of controlled electrical heat supply.

7.2 Experimental Results.

7.2.1 Preliminary Testing.

To make sure that the assembled bomb calorimeter is air tight it has been pressurized to
about 20 bars. Whereas the first version of the plug facilitating the easy mounting of
the charge failed this test a redesigned version showed no pressure loss at all when
monitored for periods in the order of 10 minutes. In addition, temperature read-outs
from the thermo-elements and the thermocouple showed that the temperature changes
due to sudden pressure changes could be detected.

A number of tests with electrical sparks were done, where a voltage of 8 kV was dis-
charged through a small gap between two wires. The thermocouple inside the calorime-
ter registrated a momentaneous temperature rise of about 1.4 K for a single spark, but
the released energy was too small to have an observable effect on the jacket tempera-
ture.

7.2.2 Preliminary Results for the HX2-Ignitor.

In the development phase three test on the HX2-ignitor were performed. Table 1 sum-
marizes the results.
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The results show that the amount.of energy released by the detonation of the HX2-
ignitor verges on the sensitivity limit of our calorimeter, which is given by a reliable
measurement of the equilibrium temperature by the thermo-elements. Nevertheless, the
values for the heat of detonation are in the expected order of magnitude. A certain
amount of scatter has to be expected since the manufacturer only guarantees the total
charge weight to be between 27 and 42 mg.

Table 1 Results for the HX2-detonator (at T= 26°C, p,=990 mbar).

test P, P, Pes AT AT, AT, AH

in Det

No bar bar mbar K K K cal

03 2.5 2>84) 2 199 0.06 0.08 382
04 2.5 10.5 2 252 010 - 54.5
05 2.5 11.25 2 222 0.08 0.08 436

where:
P, peak overpressure initial reflection
p, peak overpressure second reflection
Pend overpressure level after10 - 80 seconds
AT, maximum overtemperature (from thermocouple)
AT, equilibrium overtemperature of calorimeter (from 1PT100)
AT, equilibrium overtemperature of calorimeter (from 2™ PT100)
AH,, estimate for heat of detonation

7.2.3 Preliminary Results for Nitropenta Charges.

One test was performed with a custom-made Nitropenta charge of m = 0.25g. The
charge was essentially spherical but not machined to perfect geometry. Due 1o the
manufacturing of our charges the content is not absolutely pure PETN: Nitropenta pow-
der is dissolved in acetone with 2%Vol of gun-cotton admixed to form a highly viscous
paste from which the final charge is grown by repeated dipping and drying.

The charge was detonated in an atmosphere of 983 mbar air at a temperature of
27.3°C. The incident refiected overpressure at the piezo-electric gage p, was 34 bar, the
second reflection was higher than 98 bar and caused an overload of the transducer sys-
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tem, the third reflection had a peak overpressure of 60 bar. The final pressure p,,, in the
chamber between 5 and 80 sec was 186 mbar. The overtemperature inside the calo-
rimeter rose to a value larger than 115 K, overloading the corresponding amplifier.
Within about 5 min the overtemperature relaxed to a value of approximately 1 K (refer
to Figure 114).

Figure 115 shows the read-out from one of the thermo-elements mounted on the calo-
rimeter jacket.

The overtemperature peaks at a value of 1.59 K and then decreases — within a period of
approximately 25 min — to a value of 1.1 K. Since the calorimeter was not insulated
against the ambient air heat transfer from the calorimeter wall to the outside is possible.
Thus we did a semi-logarithmic plot of the overtemperature versus time shown in Figure
116, expecting an essentially logarithmic decay of the overtemperature. If at all, we can
find this for times larger than 15 min with a rather small decay rate of 0.0036 min”,
which means a temperature loss of 0.35 % per minute. But we are not sure that this
decay can be attributed to heat transfer to the environment. Figure 117 shows another
logarithmic plot of the measured data, in this case the difference between the momen-
taneous temperature and the final temperature at t = 25 min. Here we find a distinct
range of exponential decay for the period between 5 and 20 min. Based on the rate of
decay the value at t = 25 min should differ 0.01 K from the final temperature, a differ-
ence in the order of the read-out accuracy. :

Thus we assume for the time being that the temperature decrease of Figure 115 is -
mainly due to the redistribution of heat in the calorimeter walls and that the overtem-
perature of 1.1 K at t = 25 min is equal to the equilibrium temperature of the calorime-
ter system. This assumption is in good agreement with an analytical estimate for the
thermal relaxation (see Letter Report 13).

The value of 1.1 K for the final overtemperature yields a value of 600, cal for the energy
released by the detonation of the 0.25-g NP charge. This amounts to a heat of detona-
tion AH,,, of 2400 cal / g, a value that is too high compared to the bomb calometry ex-
periments performed at Lawrence Livermore National Laboratory [1]. With a series of
experiments on confined and unconfined 25-g PETN-charges. LLNL derived a value of
about 1500 cal/g for the heat of detonation in a vacuum atmosphere and a value of
1916 cal/g in an atmosphere of 0.38 bar oxygen. The latter value is close to the heat of
combustion for PETN, which amounts to 1957 cal/g.

Prior to the design of our bomb calorimeter we exploited some experiments in a rectan-
gular chamber with inner dimensions of 117 mm x 130 mm x 40 mm for a feasibility
test. Charges of various weights were detonated and the temperature on the outer side
of the aluminum walls was measured at two locations. The setup consist of 5291 g
aluminum and 694 g steel in form of bolts. With the specific heat of aluminum (€ =
0.214 cal/gK) and steel (c, = 0.114 cal/g) the heat capacity of the setup amounts to
1211 cal/K. Figure 118 shows the released energy versus charge weight. From this data
set we get a value of 580 cal for a 0.25-g charge which is in good agreement to the
findings of our first bomb calorimeter experiment.

But more interestingly, a linear regression on the data from the feasibility tests yields a
value of 1932 cal/g for the heat of detonation. This compares well to the data for a
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PETN explosion in an oxygen atmosphere. The fact that we obtain too large values from
single experiments is reflected in the regression by an unexpected and somewhat (at
least for the time being) inexplicable offset of 97.5 cal. This offset is by far too large to
be explained by the energy released via the exploding wire which initiates the detona-
tion of our charges.

A few further experiments in our calorimeter with varied charge weights yielded — again
by means of a linear regression —a result of 2190 cal/g.

Though there are still some open questions which can lead to further modifications of
the bomb calorimeter and the modus of analysis it is a tool which facilitates at least the
comparison of different tests. Our intention is to continue the experiments with series of
Nitropenta charges in different atmospheres (air, oxygen or nitrogen for example) and
then with charges in inflammable atmospheres corresponding to the combustion ex-
periments of Section 6.
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Section 8
Figures and Tables

calmera

g
test alsject

reference plans

[aralsolic mirrar
fior shadow phatographs

Figure 1 Schematic sketch of the 24-spark Cranz-Schardin camera.

single spark
reference plane

/ parabolic mirror

parabolic mirror

test object
imaging optics

Figure 2 Schematic sketch of the single shot setup for shadow photography.
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(@) Makrolon body (b) Inserted ignition wire

(&) Connected supply wires (d) Nitropenta body, casted in mould

(e) Assembled 1cm charge

Figure 3 Manufacturing process of hemi'cylindrical charges.
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asymptotic mixing

2nd shock

Implosion

t ~ primary ShOCk Blast wave

Figure 4 Schematic wave diagram for the detonation of a spherical high-explosives
(HE) charge (specifically for an unbalanced explosive like TNT). Red curves
identity blast fronts, blue curves give a qualitative picture of iso-contour
lines for the normalized concentration of fuel (i. e., unburned detonation
products). The annotations on the right hand characterize the four main
phases relevant to turbulent mixing.
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The shadowgraph from Figure 5 after some postprocessing including spatial low pass filtering, contrast stretching.

Figure 7




Pseudo-color version of Figure 7.

Figure 8
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pherical NP-charge mounted on a transparent

1S

Third example of an experiment with a hem
Makrolon pane. Charge weight W

Figure 10

after ignition t = 0.25 ms (test 0825.MM).

ime
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.+ the upper edge of the modelis

spurious picture because

in the region of overiap
between upper and lower light path

\ .

() t=0.075ms (d) t=0.090 ms

Charge centered on

vertical marker line and
330 mm below upper edge
of the model.

Horizontal marker lines at
100, 200 and 300 mm.

() t=0.105ms

Figure 11 Sequence of shadowgraphs from Test 14756. Hemispherical
charge on Makrolon plate. (W = 0.64 g).
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(h) t=0.150 ms (i) t=0.165ms

) t=0.180ms (k) t=0.195ms

Figure 11 Sequence of shadowgraphs from Test 14756. Hemispherical
charge on Makrolon plate. (Continued)
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() t=0.285ms

Figure 11 Sequence of shadowgraphs from Test 14756. Hemispherical
charge on Makrolon plate. (Continued)
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(t) t=0330ms

{v) t=0.360 ms (w) t=0.375ms

Figure 11 Sequence of shadowgraphs from Test 14756. Hemispherical
charge on Makrolon plate. (Continued)
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(b) t=0.130ms

(¢) t=0.145ms (d) t=0.160 ms

Charge centered on
vertical marker line and
330 mm below upper edge
of the model.

Horizontal marker lines at
100, 200 and 300 mm.

() t=0.175ms

Figure 12 Sequence of shadowgraphs from Test 14757. Hemispherical
charge on Makrolon plate. (W = 0.63 g)
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0.205 ms

k) t=0.265ms

Figure 12 Sequence of shadowgraphs from Test 14757. Hemispherical
charge on Makrolon plate. (Continued)




{h t=0.280ms (m) t=0.295ms

(@ t=0.355ms

Figure 12 Sequence of shadowgraphs from Test 14757. Hemispherical
charge on Makrolon plate. (Continued)
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(v) t=0.430 ms ' (w) t=0.445ms

Figure 12 Sequence of shadowgraphs from Test 14757. Hemispherical
charge on Makrolon plate. (Continued)
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(@ t=0.181ms (b) t=0.221ms

() t=0.261ms " {d) t=0.301ms

Charge centered on right
vertical marker line and
200 mm below lower
horizontal marker line.
Grid width of marker lines:
100 mm x 100 mm.

(e) t=0.341ms

Figure 13 Sequence of shadowgraphs from Test 15086. Spherical charge
in free air (W = 0.49 g).
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f) t=0.381ms (@ t=0421Tms

(h) t=0.461ms }

() t=0.541ms (k) t=0.581ms

Figure 13 Seguence of shadowgraphs from Test 15086. Spherical charge
in free air. (Continued)
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() t=0.621ms {(m) t=0.661ms

(ny t=0.701 ms (o) t=0.741 ms

(p) t=0.781ms (@ t=0.821ms

Figure 13 Sequence of shadowgraphs from Test 15086. Spherical charge
in free air. (Continued)
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(n t=0.861ms (s) t=0.901ms

(u) t=0.981 ms

(v) t=1.021ms (w) t=1.061ms

Figure 13 Sequence of shadowgraphs from Test 15086. Spherical charge
in free air. (Continued)

52




(@) t=0.140ms (b) t=0.180ms

(¢) t=0.220ms (d) t=0.260 ms

Charge centered on right
vertical marker line and
150 mm below lower
horizontal marker line.
Grid width of marker lines:
100 mm x 100 mm.

Figure 14  Sequence of shadowgraphs from Test 15087. Spherical
charge in free air (W = 0.53 g).
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(f) t=0.340ms (@) t=0.380ms

1 =0.420ms

(k) t=0.540 ms

Figure 14 Sequence of shadowgraphs from Test 15087. Spherical
charge in free air. (Continued)
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() t=0.621ms (m) t=0.661ms

(N t=0.701ms (o) t=0.741ms

(@ t=0.821ms

Figure 14 Seguence of shadowgraphs from Test 15087. Spherical
charge in free air. (Continued)
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imary shockin upper part_
-.nffolded lightbe. -

(N t=0.861ms (s) t=0.901 ms

() 1t=0.941ms (U t=0.981ms

(v) t=1.021ms (w) t=1.061ms

Figure 14 Sequence of shadowgraphs from Test 15087. Spherical
charge in free air. (Continued)
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75
r —— 1st shock (AIRBLAST)
t [ms/kg"’] —2nd shock (2-D AMR)
—c=0.1 (2-D AMR)
¢=0.5 (2-D AMR)
5 4
25 -
0 : , k
0 0.5 1 15 2
r [m/kg"s]

Figure 15 Scaled wave diagram for the detonation of a TNT-charge according to a

‘ 2-D AMR calculation [1]. Data for the primary blast front are derived from
the code AIRBLAST [2]. The red and green line are iso-contour lines of the
normalized, average concentration of fuel (unburned detonation

products).
12.5
[ —— 1st shock (AIRBLAST)
t [ms/kg '] o spherical charges
10 4 O hemispherical charges
o}
7.5 Oo
5 N
2.5 -
0 ‘
0 1 2 3 4 5

r [m/kg']

Figure 16 Comparison of the experimental results for the primary
blast front to the data from AIRBLAST.
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12.5
l —2nd shock (2-D AMR)

t[ms/kgm] O spherical charges
10 O hemispherical charges
o
7.5 o o

r [m/kg™?]

Figure 17 Comparison of the experimental results for the secondary
blast front to the results of the 2-D AMR calculation.

12.5
| = 2nd shock (2-D AMR)
t [ms/kg"®
[ g1 -====fit based on experimental data
10 -

r [m/kg'®]

Figure 18  Fit based on the experimental data replacing the result of
2-D AMR calculation in the wave diagram.
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15[

central plume

t [ms/kg"3] cariral plums
12.5 1 T
. o
o
w4 w0 o
o a
7.5 A a
o
5 -
O test 15087
2.5 1 s o O test 15086
0 e ‘ T T T T
0 1 2 3 4 5
r [m,kg1/3]

Figure 19 Experimental data from Tests 15086 and 15087 compared to the
wave diagram. Tests were performed with spherical charges in free
air. Charge weight: 0.49 g (test 15086) and 0.53 g (test 15087).
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12.5

t [mslkg1
10 -

7.5

—¢=0.1 (2-D AMR)

¢=0.5 (2-D AMR)

det. products MIN spherical charges

det. products MIN hemispherical charges
det. products MAX spherical charges

det. products MAX hemispherical charges

meno

@)
0
O

Figure 20

r [m/kg'®]

Experimental data from single-shot tests compared to the wavediagram.
The shadowgraphs were analyzed for the apparent maximum and
minimum radial extent of the products cloud visible within the field of
view. Differences to Figure 19 can be explained by different detectability
thresholds of the two optical setups.
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C++ AFTERBURN 0.8 R4 Y=12 NSTEP=__|31 TIME= 10.03 1S

TNT/30/

150

125, S S
100.

7.

50,

25.

0. 25. 50. 75. 100,  125. 150,
FUEL PREDUCTS @XIDIZER

Figure 23 Example for the color-contour plots of the 3-D AMR calculation
(courtesy A. L. Kuhl) used in the comparison to shadow photographs.
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(¢) frame 10:t=0.157 ms (d) frame 14:t=0.191Tms

(e) frame 20:t=0.241ms

Figure 26 Sequence of shadow photographs from Test 14667. Hemicylindrical
charge, length 10 mm.
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(a) frame 4:t=0.242 ms

(¢) frame 6:t=0.299 ms (d) frame 8:t=0.356 ms

Figure 27 Sequence of shadow photographs from Test 14937. Hemicylindrical
charge, length 20 mm.
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() frame 10:t=0.325ms (d) frame 14:t=0.425ms

Figure 28 Sequence of shadow photographs from Test 14991. Hemicylindrical
charge, length 40 mm. '
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(@) hemicylindrical charge 10 mm (b) hemicylindrical charge 20 mm
Test 14667, frame 14, t=0.191 ms Test14937, frame 5, t = 0.270 ms

(© hemiCylindrical charge 40 mm (d) hemispherical charge
Test 14991, frame 10, t=0.325ms Test 14757, frame 15,1 =0.310 ms

Figure 29 Comparison of shadow photographs from 2-D experiments to a 3-D test .
Possible candidates for the border of the turbulent products cloud are
marked in red. For the 2-D tests note the ambiguity of the borderline,
the comparative lack of large disturbance with regard to amplitudes
and wavelengths and additional shock-wave-like structures behind the
primary blast front.
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I O primary blast
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Figure 30  Wave diagram for the tests with hemicylindrical charges. Included are
tests with 1-cm, 2-cm and 4-cm long charges, based on both shadow
photographs (circles) and pressure measurements (triangles). Data are
scaled with wW/I)">.

— 1st shock (AIRBLAST)
—— secondary blast wave
——¢=0.1 (2-D AMR)
~---¢=0.5 (2-D AMR)

— products cloud

O experimental data
4
o from

e hemicylindrical charges

Figure 31 Wave diagram 30 rescaled to match the wave diagram for 3-D experiments
(for rescaling see Chapter 4.2.2).
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Makrolon windows (versions

Figure 33 Schematic sketch of the detonation chamber in the modified setup with




Figure 34  Shadow photograph of a detonating HX2-ignitor 0.25 ms after ignition.

Figure 35 Products cloud of HX2 2.45 ms after ignition. Detonator aligned with
line of sight.
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Figure 36 Products cloud 2.71 ms after ignition. Different test with the detonator
aligned perpendicular to the line of sight.
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(@ frame 1:t=0.15ms (b) frame 2:t=0.25ms

(d) frame 4:t=0.45ms

(e) frame5:t=0.55ms (H frame6:t=0.65ms

Figure 37 Blast and products cloud from a detonation chamber. Cinematographic
sequence of shadowgraphs. Charge: HX2, outlet from chamber 20 mm
wide, expansion confined by Makrolon windows (Configuration A).
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(k) frame 11:t=1.15ms (H frame 12:t=1.25ms

Figure 37

Blast and products cloud from a detonation chamber. Cinematographic
sequence of shadowgraphs. Charge: HX2, outlet from chamber 20 mm
wide, expansion confined by Makrolon windows (Configuration A).

(Continued)

75




(m) frame 13:t=1.35ms (n) frame 14:t=1.45ms

(@ frame 17:t=1.75ms (n frame 18:t=1.85ms

Figure 37 Blast and products cloud from a detonation chamber. Cinematographic
sequence of shadowgraphs. Charge: HX2, outlet from chamber 20 mm
wide, expansion confined by Makrolon windows (Configuration A).

(Continued)
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(u)

frame 21:t=2.15ms (v) frame22:1=2.25ms

(w) frame 23:t=2.35ms (x) frame24:t=2.45ms

Figure 37

Blast and products cloud from a detonation chamber. Cinematographic
sequence of shadowgraphs. Charge: HX2, outlet from chamber 20 mm

wide, expansion confined by Makrolon windows (Configuration A).

(Continued)
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Figure 38 Comparison of two further tests for Configuration A
approximately 1.1 ms after ignition.
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(b) frame 24,t=2.45ms

Figure 39 Shadow photographs for a test in Configuration A-
(outlet width 20 mm, Makrolon windows).
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(b) frame 24,t=2.5ms

Figure 40 Shadow photographs for a test in Configuration B
(outlet width 10 mm, Makrolon windows).
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-(b) frame 24,t=2.5ms

Figure 41 Shadow photographs for a test in Configuration C
(outlet width 20 mm, free expansion).
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(@) frame 10,t=1.1ms

(b) frame 24,t=2.5ms

Figure 42 Shadow photographs for a test in Configuration D
(outlet width 10 mm, free expansion).
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gage V6

reflector

/ (r =225 mm)

gage 3 — : _———— gage 4

gage1

Figure 43

gage 2

- foam lining

Modification of the detonation chamber setup version A. The space
between the Makrolon windows is changed to a closed hemicylindrical
expansion chamber and 6 pressure gages are installed. The outlet is again
a 20-mm wide slot. The inner wall of the detonation chamber is fitted
with a foam lining to reduce the multiple reflections within the chamber.
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Figure 44  Pressure-time history at the reflector. The good agreement of arrival times
at the gages shows that the blast fronts are nearly hemicylindrical.
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86

Interaction of the first reflected blast front with the products cloud at t = 1.15 ms. (test 15261/12).

Figure 46
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Further development of the products cloud att = 1.23 ms. (Test 15261/13).

Figure 47




shock impinging onto a turbulent flow field.
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Shock tube experiment Test 15283/6. Reflected shock shortly before

Figure 49
impinging on artifically generated turbulent flow (t = -20 ps).
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Postprocessed version of Figure 49. The brightness of the area to the right
hand of the turbulent border was increased to give more contrast

to the borderline.

Figure 50
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Figure 51 Influence of the reflected shock on the turbulent flowfield at t = 50 ps
(Test 15283/7).
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Figure 52 Influence of the reflected shock on the turbulent flowfield at t = 120 us
(Test 15283/8). '
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Influence of the reflected shock on the turbulent flowfield at t = 300 ps

Figure 53
(Test 15283/11).

"‘lu‘a St

Y,
o i
To% 2] \
2 A R
NN C Vg
R e e
Qe »%
RS L AR S N\
AT,

PRI e AT O Ch ey
’-"-.'*‘:.v‘:’v [ Fa et

o EIA TN

AT AL Ay

s
g

~ >

#

bé

R,

i

Influence of the reflected shock on the turbulent flowfield at t = 600 ps

Figure 54
(Test 15283/7).
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Figure 55  Influence of the reflected shock on the turbulent flowfield at t = 800 us
(Test 15283/18).
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Figure 56 Unprocessed version of Figure 55 in comparison.
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expansion chamber

gage 5 gage 6
L reflector
% © /" {r=225 mm)
gage 3 gage 4
=
Al B
sressure gage 1 gage 2
diaphragm
inserts ignitor \_Si_etonation chamber
To cha fure of Tied wnth
delonatn chamber e o= tpene a1
top view along line AB
new outlet 20mm x 20mm
Makrolon

window

pressure
gage # 2

165 mm

Figure 57 Schematic of the test chamber for experiments on combustion in
turbulent jets. Upper picture the initial modifications to the setup

Section 5, lower picture the final reconstruction of the setup with
steel frame.
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Figure 58 Photograph of the test setup. Front cover of detonation
chamber removed.

Table 2 Summary of setup variations.
Version Detonation Chamber Outlet Expansion Chamber
dimension [mm] volume [cm3]|dimension [mm] {radius [mm] volume [cm3]
1 40x40x20 32 20x20 225 3181
2 60x60x20 72 20x20 225 3181
3 60x60x20 72 10x20 (insert) 225 3181
4 60x60x20 72 05x20 (insert) 225 3181
5 60x60x20 72 10x20 (knifes) 225 3181
6 60x60x20 72 05x20 (knifes) 225 3181
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Figure 59  Shadow photograph from the reference test 006/15336 att = 0.515 ms.
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Figure 60  Shadow photograph from Test 0020/15350 at t = 0.32 ms

Figure 61  Shadow photograph from Test 0020/15350 at t = 2ms.
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Figure 62  Output of the photodiode monitoring the expansion chamber.
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Figure 63  Output of the photodiode for a test with retarded reaction (Test 016).
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Table 3 Data of acetylene, C,H,

molecular weight M 26 g/mole
heat of combustion AH_ 1300.5 kJ/mole
detonability lower limit 4.2 %Vol
upper limit 50 %Vol
inflammability lower limit 2.5 %Vol
upper limit 80 %Vol
stochiometric combustion with air 7.4 %Vol
CH,+125(0.20,+0.8N,) >2 CO, + H,O+ 10N,
stochiometric combustion with oxygen 28.6 %Vol
CH,+250,>2C0,+H,0
Table 4 Data of methane, CH,.
molecular weight M 16 g/mole

heat of combustion AH_
detonability lower limit
upper limit
inflammability lower limit
upper limit

890.7 kl/mole

5.3 %Vol
15 %Vol

stochiometric combustion with air
CH,+10(0.20,+0.8N,) > CO,+ 2H,0+ 8N,

9 %Vol

stochiometric combustion with oxygen
CH,+20,->C0O,+2H,0

33 %Vol
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Table 5 Summary of the measurements with acetylene
in the 32 cm3 detonation chamber

In all experiments (see Figures 64 to 74) the expansion chamber was filled with air at
ambient pressure and the acetylene in the detonation chamber was mixed with air.

test comments CH, O, N, T, P.. fit curve burning
(theo) rate
[mbar] [mbar] [mbar] [bar] [bar] [tin ms]
05 reference 0 200 800
06 reference 0 200 800
07 900 20 80 1.47 0.81 0.45log,(/0.40) -0.20/t
08 no reaction 970 6 24
09 no reaction 1000 0 0
10 no reaction 970 6 24
11 900 20 80 147 0.89 0.48log,(¥0.30) -0.21/t
12 no reaction 300 20 80
13 900 20 80 1.47 0.80 0.45log, (¥0.30) -0.20/t
14 840 32 128  1.37 0.85 0.48log,(/0.25) -0.21/t
15 no reaction 840 32 128
16 retarded 800 40 160  1.31 0.88 0.48l0g,(t/0.30) -0.21/t
17 retarded 815 37 148  1.33 0.96 0.50log,(70.25)  -0.22/t
18 no reaction 800 40 160
19 no reaction 790 42 168
20 500 100 400 0.82 0.54 0.48log,(70.25) -0.21/t
21 500 100 400 0.82 0.55 0.50l0g,,(70.25)  -0.22/t
22 no reaction 640 72 288
23 no reaction 650 70 280
24 no reaction 600 80 320
25 no reaction 600 80 320
26 505 99 396 0.82 0.54 0.50log,(t/0.25) -0.22/t
27 500 100 400 0.82 053 0.48log,(/0.25)  -0.21/t
28 500 100 400 0.82 056 0.50lo0g,(/0.20) -0.22/t

99




2.0

1.5+ # —test ——reference

average overpressure 0.81 bar

p [bar]

0.5

0.0 A

average overpressure 0.15 bar

-0.5 : t f f + : ;
0.0 2.0 4.0 6.0 8.0 10.0 12.0 14.0 16.0
t [ms]

(@) Comparison of the pressure records at gage 2 to the non-reactive reference test.

0.8
fit curve:
0.45 log(t/0.40)
0.6
J:
& 04 A
3 )/V

0.2 y

0.1 1.0 10.0
t[ms]

(b) Semi-logarithmic plot of the prassure gain, normalized by =..

Figure 64  Test 7: 900 mbar CH,
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Figure 65 Test 11: 900 mbar C,H,
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Figure 66  Test 13: 900 mbar C,H,

102




25

2.0 +
—test —referencel
15+ average overpressure 0.85 bar
%
2 10+
Q.
05 +
0.0 average overpressure 0.15 bar
-0.5 t t

|

0.0 20 4.0 6.0 8.0
t [ms]

10.0 12.0 14.0 16.0

(a) Comparison of the pressure records at gage 2 to the non-reactive reference test.

0.8 .
gt.:;srvkeazg(tlo.%) pnjgl
0.6 ‘ QJ/ W\fl\
Al
3
£ 04 2

/

0.1 1.0

t [ms]

10.0

(b) Semi-logarithmic plot of the pressure gain, normalized by ..

Figure 67 Test 14: 840 mbar C,H,
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Figure 68 Test 16: 800 mbar C,H,
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Figure 69 Test 17: 815 mbar C,H,
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Figure 70  Test 20: 500 mbar C,H,
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Figure 71 Test 21: 500 mbar C,H,
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Figure 72 Test 26: 500 mbar C,H,
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Figure 73 Test 27: 500 mbar C,H,
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Table 6 Summary of the experiments with acetylene
in the 72 cm3 detonation chamber

In all following tests (see Figures 75 to 89) the expansion chamber was filled with air at
ambient pressure and the detonation chamber with various mixtures of acetylene, air
and oxygen.

test comments CH, O, N, = Pend fit curve burning
(theo) rate

‘S’i’i; [mbar]  [mbar] [mbar]  [bar] [bar] {tin ms]

29 2 500 100 400 1.84 0.90 0.50log,, (t/0.30) -0.22/t

30 2 no reaction 500 100 400

31 2 no reaction 500 100 400

32 2 reference 0 200 800 0.09

33 2 400 120 480 1.47 0.77 0.50log,, (/0.25) -0.22/t

34 2 400 120 480 1.47 0.70  0.45log,, (/0.25) -0.20/t

35 2 400 120 480 1.47 0.77 0.45log,, (/10.20) -0.20/t

36 2 400 120 480 147 0.78 0.45log,, (t/0.20) -0.20/t

37 2 600 133 267 2.20 0.90 0.38log,, (t/0.25) -0.22/t

38 2 600 133 267 220 0.95 0.38log,, (t/0.23) -0.22/t%

39 2 no reaction 800 67 133

40 2 700 100 200 257 0.99 0.38log,, (/0.30) -0.22/t

41 2 700 100 200 257 1.01  0.38log,, (/0.30) -0.22/t

42 2 no reaction 800 100 100

43 2 700 150 150 2.57 1.05  0.381log,, (/0.25) -0.17/t

44 2 retarded (?) 700 150 150 2.57 1.02  0.45log,, (/0.40) -0.20/t

45 3 700 150 150 257 0.98 0.38log,, (t/0.30) -0.17/t

46 4 700 150 150  2.57 091 0.38log,, (/0.43) -0.17/t

47 6 700 150 150 2.57 0.94 0.38 log,, t/0.43) -0.17/t

48 5 retarded 700 150 150 257 1.14 043 log,, (/0.45) -0.19/t
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Figure 75  Test 29: 500 mbar C,H,
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Figure 76  Test 33: 400 mbar C,H,
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Figure 78  Test 35: 400 mbar C,H,
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Figure 79  Test 36: 400 mbar C,H,
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Figure 80 Test 37: 600 mbar C,H, + (10, + 2N,)
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Figure 81  Test 38: 600 mbar C,H, + (10, + 2N,)
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Figure 82  Test 40: 700 mbar C,H, + (10, + 2N,)
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Figure 83 Test 41: 700 mbar C,H, + (10, + 2N,)
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Figure 85 Test 44: 700 mbar C,H, + (10, + 1N,)
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Figure 86 Test 45: 700 mbar C,H, + (10, + 1N,)
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Figure 87  Test 46: 700 mbar C,H, + (10, + 1N,)
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Figure 88  Test 47: 700 mbar C,H, + (10, + 1N,)
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Figure 89  Test 48: 700 mbar C,H, + (10, + 1N,)
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Table 7

Summary of the experiments with methane
in the 72 cm3 detonation chamber.

For the following tests (see Figures 90 to 96 ) the content of oxygen in the expansion
chamber was varied, the methane methane in the detonation chamber was mixed with
a 1:1 mixture of nitrogen and oxygen.

£ &
| &
c g —_ - — w8 9 g =
y 8 E g8 2 8 85 EF 8 S £
g 5 S SE o FE 55 w2 =2 &= 2g
71 5 noreaction 500 250 250 air
72 5 150 425 4725 air 0.38 032 0.90log,, (/0.28) -0.39/t
73 5 250 380 380 air 063 0.44 0.90log, (/0.28) -0.39/t
74 5 retarded 375 315 315 ar 094 066 0.45log,(t/0.30) -0.20/t
75 5 no reaction 380 315 315 air
77 5 no reaction 375 312 312 air
78 5 no reaction 375 312 313 air
79 5 no reaction 375 312 313 air
80 5 380 310 310 02 096 0.58 0.45log, (/0.35) -0.20/t
81 5 noreaction 375 315 315 021+1NZ
82 5 no reaction 365 317 318 021+1NZ
83 S no reaction 365 317 318  02+N2
1:1
84 5 no reaction 365 317 318 02+1NZ
1:
85 5 250 375 375 02+N2 (094 052 0.80log,, (+/0.20) -0.35/t
1:1
86 5 250 375 375 02+1NZ 0.94 049 0.80log,, (/0.23) -0.35/t
1
87 5 250 375 375 02+N2 0.94 050 0.80log, (¥/0.23) -0.35/t

1:1

127




1.0

—1test —reference

average overpressure 0.32 bar

0.5 + | R . Coo

p [bar]
=

0.0 ¥4

g average overpressure 0.09 bar

-0.5 + f f ; f f f
0.0 2.0 4.0 6.0 8.0 100 120 14.0 16.0
t [ms]

(@) Comparison of the pressure records at gage 2 to the non-reactive reference test.

0.8

fit curve:
0.90 log(t/0.275) W
0.6 ) y

W |

Ap/ Piheo
o
EN
P

/

0.1 1.0 10.0
t [ms]

(by Semi-logarithmic plot of the préssure gain, normalized by =..

Figure 90 Test 72: 150 mbar CH,

128




2.0

1.5 4 —test —reference

average overpressure 0.44 bar

1.0

p [bar]

0.5 -

0.0 -

average overpressure 0.09 bar

-0.5 t ; : t 1 t t
0.0 2.0 4.0 6.0 8.0 10.0 12.0 14.0 16.0
t [ms]

(@) Comparison of the pressure records at gage 2 to the non-reactive reference test.

0.8

l ,
iy 050 0310275 / /\ N\M |
IR

Ap/Pineo
Q
H
~J

(

0.1 1.0 10.0
t [ms]

(b) Semi-logarithmic plot of the pressure gain, normalized by ..

Figure 91 Test 73: 250 mbar CH,
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(b) Semi-logarithmic plot of the pressure gain, normalized by .

Figure 92  Test 74: 375 mbar CH,
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(b) Semi-logarithmic plot of the pressure gain, normalized by =..

Figure 93  Test 80: 380 mbar CH,
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Figure 94  Test 85: 250 mbar CH,
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Figure 95 Test 86: 250 mbar CH,
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Figure 96 Test 87: 250 mbar CH,
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Figure 97 Experimentally obtained excess pressure values for
the aceytelene experiments.
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Figure 98  Fit parameters [a log ¥/t ] for the acetylene experiments.
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Figure 99 Result of a preliminary Cartesian-Grid AMR simulation of XY combustion
jet; visualization of the oxidizer region at t=1.5 ms (courtesy Allen Kuhl).
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Figure 100  Original pressure-time history of the reference test and sliding average
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Figure 101 Reference signal used for the modified evaluation modus.
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log(t /1ms)

Figure 102  Test 11 (900 mbar acetylene in 32 cm3 prechamber): pressure difference
and fit curve.
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Figure 103 Test 11: grey: original pressure difference, blue: result of sliding average,
red: result of power series fit.
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—test 16: 800 mbar C2H2

Summary of the results for the experiments acetylene
in the 32 cm3 prechamber.

- -test 20: 500 mbar C2H2
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! Retarded reaction:
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for comparison:
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Figure 105  Time derivative of the above tests.
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Figure 106  Comparison to an approximation with Vibe-functions.
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Figure 107  Corresponding comparison for the time derivatives.
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Figure 108
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Summarizing the result for the acetylene tests.

Figure 109
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Summarizing the results for the methane tests.
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Figure 110  Definition of the parameters t,, t, and Ap,_,..
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Figure 111 Non-dimensional plots of the pressurization for all tests.

142




**“dy pue 1 ) sus19weled jo Alewwng 7| | 2inbi4

008 - g1 1581

G/E - ¥/ 150} Nl e e

G/E - 08 150] T e e P

00/ - 81 1S5 I N SR
006 - L1598}
006 - L1 1881
Glg- L1 1881
00/ - 9 18] Il —
00L - L 58! il -
00/ - bt 1901 i
006 - €1 1581
004 - Oy 1s01 W S
00/ - 1y 153 o
00L - £p 101 il S
ov8 - v1 1s6}
009~ 8E 150)
004 - SP 1S0]
006G - 62 191 _ - i
00S - 0¢ 1s8}
009 - /g 1s6] i -
006 - Lcisel
006 - ggisel
00v - 9g Is8} _ e
006G - L2 1591
Q0¥ - €€ 150} Nl
005 - 8¢ 1891
00¥- v£ 1591 G
00¥ - SE 150) Sl
062- /8 150 HEy i
0G2- G8 1S9] Menpim
052~ 98 159) iy
0G| - ¢/ 156) irne———
omN_. £/ 159] e

ot

O swin? ¢ 0

008 - 91 158]
S18- L} 158}
00/ - 89 159} iRt
oy8 - ¥1 158}
G.LE - ¥/ 150 i
006 - €1 1531
006 - |1 188}
G/E - 08 159) P—
002 - L 150 il
004 - b{ 150} i
00/ - 9F 159) E—
006 - £ 153}
00/ - Sv 1501 il
006 - 62 150) e
004 - 1¥ 150} s
004 - O 159)
00V - GE 150) i
0G| - 2. 159) Namm
00¥ - 9 1581
00t - ¥€ 150] EN
00v - €€ Jso1
006G - Le w8
0G2- 68 150} .
052- 98 159) e

009 - /g 158}
005 - 0¢ 1s8}
Q0§ - 92159}
009 - 8€ 159] ks
00S- 12 158}

4

¥ [swly 50 0

G/E - ¥/ 150) N —
G/E - 0B 1SO| e
052 - §8 150) E e
052 - 98 150] rrrineaieerpy—

052 - /8 156) e
052 - £/ 159) B

007 - S 1SO] i o VY
00L - ep 159} o
00/ - L 190 | S
00Z - S 150}
00/ - vt 18]
00/ - Op 150) I e
00/ - /P 150) ek
00/ - 9% 156} i ————
009 - 8€ 150) N U
009 - /£ 1501 I
005 - 62 159} Nl
00V - S€ 159) I
00% - 9¢ 1881
00t - €€ 156] S —
00¥ - Y€ 150] —
006 - L1 18}
006 - €} 1591
006 - £ 1581
ov8 - 1 158}
Gig- L1188}
008 - 9} 1s81
00S - 82 1591
00§ - L 188
005 - 92 1521
005 - 02 1539y -

T

00§ - /2 159]

T

b Lreq)udy §0 0

143




pressure gage 1

% \__/_
80

——ressure gage 2

120 mm

=
: \‘___thermocouple

Figure 113 Schematic of the custom-designed small bomb calorimeter.
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Figure 114  Decrease of overtemperature in the calorimeter for Test 06
(0.25 g NP in air).
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Figure 115  Overtemperature at the outside of the calorimeter jacket.
Test 06 (0.25 g NP in air).
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Figure 116  Semilogarithmic plot of the difference of the jacket temperature to the
ambient temperature.
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Figure 117  Semilogarithmic plot of the difference of the jacket temperature to the
final temperature.
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Figure 118  Energy released by the detonation of Nitropenta charges in air.
(test setup: single chamber, Tests 04.KM — 17.KM).
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